A putative prenyltransferase gene sirD has been identified in the gene cluster encoding the biosynthesis of the phytotoxin sirodesmin PL in Leptosphaeria maculans. The gene product was found to comprise 449 aa, with a molecular mass of 51 kDa. In this study, the coding region of sirD was amplified by PCR from cDNA, cloned into pQE70, and overexpressed in Escherichia coli. The overproduced protein was purified to apparent homogeneity, and characterized biochemically. The dimeric recombinant SirD was found to catalyse the O-prenylation of L-Tyr in the presence of dimethylallyl diphosphate; this was demonstrated unequivocally by isolation and structural elucidation of the enzymic product. Therefore, SirD catalyses the first pathway-specific step in the biosynthesis of sirodesmin PL. K m values for L-Tyr and dimethylallyl diphosphate were determined as 0.13 and 0.17 mM, respectively. Interestingly, SirD was found to share significant sequence similarity with indole prenyltransferases, which catalyse prenyl transfer reactions onto different positions of indole rings. In contrast to indole prenyltransferases, which accept indole derivatives, but not Tyr or structures derived thereof, as substrates, SirD also prenylated L-Trp, resulting in the formation of 7-dimethylallyltryptophan. A K m value of 0.23 mM was determined for L-Trp. Turnover numbers of 1.0 and 0.06 S "1 were calculated for L-Tyr and L-Trp, respectively.
INTRODUCTION
Filamentous fungi produce diverse secondary metabolites that exhibit a large variety of biological and pharmacological activities (Hoffmeister & Keller, 2007; Nielsen & Smedsgaard, 2003) . Some of these compounds are mycotoxins, such as epipolythiodioxopiperazines (ETPs) . ETPs are characterized by the presence of a sulfur-bridged diketopiperazine-ring system derived from two amino acids . This disulfide bridge allows ETP to cross-link proteins via cysteine residues, and to generate reactive oxygen species through redox cycling (Mullbacher et al., 1986) . Two prominent ETPs are gliotoxin derived from L-Phe and L-Ser, and sirodesmin PL derived from L-Tyr and L-Ser . Gliotoxin has been identified in different fungal strains, including the opportunistic human pathogen Aspergillus fumigatus (Glister & Williams, 1944) . It has been speculated that this mycotoxin could be involved in the pathogenesis of A. fumigatus (Kwon-Chung & Sugui, 2009 ). Sirodesmin PL (Fig. 1) was first identified in the asexual stage of the ascomycetous fungus Leptosphaeria maculans (Phoma lingam) (Ferezou et al., 1977) . L. maculans causes blackleg of canola (Brassica napus); this is the most damaging disease of this crop (Howlett et al., 2001) . Sirodesmin PL is reported to contribute to virulence of L. maculans during growth in the stem of B. napus (Elliott et al., 2007) . On the other hand, sirodesmin PL also exhibits activity against Gram-positive bacteria (Boudart, 1989) .
Feeding experiments in P. lingam have shown the incorporation of 13 C-and 14 C-labelled precursors, such as acetate, L-Tyr and L-Ser, into the structure of sirodesmin PL and the O-prenylated cyclic dipeptide phomamide ( Fig. 1) (Bu'Lock & Clough, 1992; Ferezou et al., 1980) . Incorporation of 14 C-labelled cyclo-L-Tyr-L-Ser in sirodesmin PL, in the same experiment (Ferezou et al., 1980) , suggested its involvement as an intermediate in the biosynthesis of sirodesmin PL (Ferezou et al., 1980) . It was therefore proposed that the cyclic dipeptide is first formed by condensation of L-Tyr and L-Ser, and then converted to phomamide by prenylation ( Fig. 1) (Ferezou et al., 1980) . However, there have been no reports on enzymic conversion found in the literature.
In a study by others, a putative gene cluster consisting of 18 genes has been identified for the biosynthesis of sirodesmin PL in L. maculans (Gardiner et al., 2004) . Inactivation of the non-ribosomal peptide synthase gene sirP from this IP: 54.70.40.11
On: Sun, 30 Dec 2018 22:21:18 cluster results in abolishment of sirodesmin production, demonstrating its involvement in the biosynthesis of sirodesmin (Gardiner et al., 2004) . From this cluster, a putative prenyltransferase gene sirD has been identified, and proposed to be responsible either for the O-prenylation of L-Tyr, resulting in the formation of 4-Odimethylallyl-L-Tyr, or for the O-prenylation of the cyclic dipeptide cyclo-L-Tyr-L-Ser, resulting in the formation of phomamide (Fox & Howlett, 2008; Gardiner et al., 2004) . Experimental data on the function of SirD have not been found in the literature. Interestingly, the proposed Tyr or cyclo-L-Tyr-L-Ser O-prenyltransferase SirD shares significant sequence similarity with 7-dimethylallyltryptophan synthase (7-DMATS) from A. fumigatus. 7-DMATS catalyses the C-prenylation of L-Trp at position C-7 of the indole moiety, but does not accept L-Tyr or a derivative thereof as substrate (Kremer et al., 2007) . To demonstrate the function of SirD and its role in the biosynthesis of sirodesmin PL, we cloned and overexpressed sirD in Escherichia coli, and characterized the overproduced protein biochemically.
METHODS
Chemicals. The trisammonium salt of dimethylallyl diphosphate (DMAPP) was synthesized using methods analogous to those used for the synthesis of trisammonium geranyl diphosphate reported by Woodside et al. (1988) . The amino acids and derivatives were purchased from Sigma-Aldrich and Bachem.
Computer-assisted sequence analysis. FGENESH (SoftBerry; http://linux1.softberry.com/) and the DNASIS software package (version 2.1; Hitachi Software Engineering) were used for exon/ intron prediction and sequence analysis, respectively. Sequence similarities were obtained by alignments of amino acid sequences using the program BLAST 2 sequences (www.ncbi.nlm.nih.gov/blast/ bl2seq/wblast2.cgi).
Bacterial strains and plasmids, and cultural conditions for E. coli. pGEM-T Easy and pQE70 were obtained from Promega and Qiagen, respectively. E. coli XL1 Blue MRF9 (Stratagene) was used for cloning and expression experiments, and it was grown in liquid Luria-Bertani (LB) broth, or on solid LB medium with 1.5 % (w/v) agar, at 37 uC (Sambrook & Russell, 2001) . Addition of 50 mg carbenicillin ml 21 was used for selection of recombinant E. coli strains.
Fungal culture and RNA isolation. The isolate ICBN (M1) of L. maculans was kindly provided by Dr Howlett (The University of Melbourne, Melbourne, Victoria, Australia). The fungus was grown in 100 ml potato glucose medium, without agitation. After separating the mycelia from the medium, RNA was isolated using a HiBind matrix (Omega Bio-Tek), according to the protocol of the manufacturer. cDNA synthesis was carried out by using a cDNA synthesis kit (Roche Diagnostics).
DNA isolation, PCR amplification and cloning. Standard procedures for DNA isolation and manipulation were performed, as described (Sambrook & Russell, 2001) . PCR amplification was carried out by using an iCycler from Bio-Rad.
Using the Expand High Fidelity kit (Roche Diagnostics), a PCR fragment of 1354 bp, containing the entire coding sequence of sirD, was amplified from the obtained cDNA of L. maculans by using the primers sirD-1 (59-GCATGCAGACAGCTCGTCTCTTCC'-39) at the 59 end of the gene, and sirD-2 (59-ATAGATCTCTGTCTGTAGC-GATTTGGA-39) at the 39 end of the gene. Bold letters represent mutations inserted to give the underlined restriction sites SphI, located at the start codon in sirD-1, and BglII, located at the predicted stop codon in sirD-2. The PCR fragment was cloned into pGEM-T Easy, resulting in plasmid pAK1, which subsequently had its sequence confirmed (Eurofins MWG Operon). To create the expression vector pAK2, pAK1 was digested with SphI and BglII, and the resulting SphI-BglII fragment of 1341 bp was ligated into pQE70, which had been digested with the same enzymes.
Overproduction and purification of His 6 -SirD. For gene expression, E. coli XL1 Blue MRF9 cells harbouring the plasmid pAK2 were cultivated in 300 ml Erlenmeyer flasks containing 100 ml LB broth, supplemented with carbenicillin (50 mg ml 21 ), and grown at 37 uC to (Ferezou et al., 1980) , and (b) pathway based on the results of this study.
Tyrosine O-prenyltransferase from Leptosphaeria maculans an OD 600 of 0.6. For induction, IPTG was added to a final concentration of 0.5 mM, and the cells were cultivated for a further 16 h at 37 uC, before harvest. The bacterial cultures were centrifuged, and the pellets were resuspended in lysis buffer (10 mM imidazole, 50 mM NaH 2 PO 4 and 300 mM NaCl, pH 8.0) at between 2 and 5 ml (g wet weight) 21 . After addition of 1 mg lysozyme ml 21 , and incubation on ice for 30 min, the cells were sonicated six times, for 10 s each time, at 200 W. To separate the cellular debris from the soluble proteins, the lysate was centrifuged at 14 000 g for 30 min at 4 uC. One-step purification of the recombinant His 6 -tagged fusion protein by affinity chromatography with Ni-NTA agarose resin (Qiagen) was carried out according to the instructions of the manufacturer. The protein was eluted with 250 mM imidazole in 50 mM NaH 2 PO 4 and 300 mM NaCl, pH 8.0. In order to change the buffer, the protein fraction was passed through a NAP-5 column (GE Healthcare), which had been equilibrated with 50 mM Tris/HCl, pH 7.5, and 15 % (v/v) glycerol. His 6 -SirD was eluted with the buffer described, and stored at 280 uC for enzyme assays.
Protein analysis, and determination of the molecular mass of active His 6 -SirD. Protein monomers were analysed by SDS-PAGE, according to the method of Laemmli (1970) , and they were stained with Coomassie brilliant blue G-250.
The molecular mass of the recombinant active His 6 -SirD was determined by gel filtration on a HiLoad 16/60 Superdex 200 column (GE Health Care), which had been equilibrated with 20 mM Tris/HCl buffer (pH 7.5) containing 150 mM NaCl. The column was calibrated with dextran blue 2000 (2000 kDa), conalbumin (75 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa) and RNase A (13.7 kDa) (GE Healthcare). The protein was eluted with 20 mM Tris/HCl buffer (pH 7.5) containing 150 mM NaCl. The molecular mass of the recombinant active His 6 -SirD was determined as 110 kDa. This demonstrates that SirD acts as a dimer.
Prenyltransferase assay for SirD. All the enzyme assays contained 50 mM Tris/HCl, pH 7.5, 1.5 % (v/v) glycerol and 5 mM CaCl 2 . The reaction mixtures were incubated at 37 uC, and the reactions were terminated by addition of 100 ml methanol per 100 ml reaction volume. After removal of the protein by centrifugation (14 000 g, 10 min, 4 uC), the enzymic products were analysed on an HPLC system, as described below. Two independent assays were carried out routinely. The assays for determination of the kinetic parameters of L-Tyr contained 1 mM DMAPP, 48 nM SirD, and L-Tyr at a final concentration of 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.5 or 1.0 mM, in a total volume of 100 ml. The incubation time was 30 min. For determination of the kinetic parameters of DMAPP, 48 nM SirD, 1 mM L-Tyr, and DMAPP at a final concentration of 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.5 or 1.0 mM, were used. For determination of the kinetic parameters of L-Trp, 48 nM SirD, 1 mM DMAPP, and L-Trp at a final concentration of 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.5 or 1.0 mM, were used.
Preparative synthesis of prenylation products for structural elucidation. The SirD assay with L-Tyr for isolation of the enzymic product contained 1 mM DMAPP, 1 mM L-Tyr, 5 mM CaCl 2 , 50 mM Tris/HCl (pH 7.5), 3 % (v/v) glycerol and 0.19 mM SirD, in a total volume of 5 ml. The SirD assay with L-Trp for isolation of the enzymic product contained 1 mM DMAPP, 1 mM L-Trp, 5 mM CaCl 2 , 50 mM Tris/HCl (pH 7.5), 3 % (v/v) glycerol and 0.19 mM SirD, in a total volume of 10 ml. The reaction mixtures were incubated in glass vials at 37 uC for 16 h, and the reaction was stopped with 1 vol. methanol. Conversion rates of 40 % and 10 % were detected for L-Tyr and L-Trp, respectively. The reaction mixtures were concentrated on a rotation evaporator at 35 uC to a volume of 750 ml, centrifuged at 14 000 g for 10 min, and then injected onto an HPLC column for isolation of the enzymic products. The fractions containing the prenylated products were collected, and the solvents were evaporated. O-Dimethylallyl-L-Tyr (0.3 mg) and 7-DMAT (0.2 mg) were obtained, and analysed by 1 H-NMR spectroscopy.
HPLC conditions for analysis of incubation mixtures containing SirD, and isolation of the prenylation products. The prenyltransferase assays of SirD were analysed by HPLC on an Agilent Series 1200 by using a LiChrospher RP 18-5 column (12564 mm, 5 mm; Agilent) at a flow rate of 1 ml min 21 . Doubledistilled water (solvent A) and methanol (solvent B), each containing 0.5 % TFA, were used as solvents. For analysis of the prenylation products, a linear gradient of 50-100 % solvent B for 15 min was used The column was then washed with 100 % solvent B for 5 min, and equilibrated with 50 % solvent A for 5 min. Detection was carried out by a photo diode array detector, and illustrated at 277 nm.
For structural elucidation, the prenylation products were isolated by using the HPLC equipment described above, and with the same linear gradient. Double-distilled water (solvent A), and methanol (solvent B) without TFA, were used as solvents.
Spectroscopic analysis. 1 H-NMR spectra were measured on an ECA-500 spectrometer (JEOL) using DMSO as the solvent. Positive electrospray ionization (ESI) mass spectrometry was carried out by using an AutoSpec instrument (Micromass). (15), 142 (25). 1 H-NMR data of 7-dimethylallyltryptophan. The data obtained were identical to those reported by others (Kremer et al., 2007) .
RESULTS

Sequence analysis of the putative prenyltransferase gene sirD
The genomic sequence of the putative prenyltransferase gene sirD spans bp 58737-60134 of AY553235.1 (GenBank accession number of the nucleotide sequence of the genomic DNA of the sirodesmin cluster). Analysis by FGENESH revealed that sirD probably consists of two exons of 1217 and 133 bp, interrupted by an intron of 51 bp situated near the 39 end of the gene. The deduced gene product SirD comprises 449 aa, and has a calculated molecular mass of 51 kDa. SirD shows significant sequence similarity to known indole prenyltransferases that catalyse prenyl transfer reactions onto different positions of the indole nucleus of Trp or derivatives thereof (Li, 2009b; Steffan et al., 2009) . For example, by using the BLAST 2 sequences program, SirD was shown to share a sequence similarity of 34 % at the amino acid level with 7-DMATS, and 31 % with FgaPT2, both from A. fumigatus. 7-DMATS and FgaPT2 catalyse the prenylation of L-Trp at positions C-7 and C-4 of the indole nucleus, respectively (Kremer et al., 2007; Unsöld & Li, 2005 ). Furthermore, SirD shows lower, but clear, sequence similarities to other indole prenyltransferases, e.g. CdpNPT, FtmPT1 and FtmPT2, all from A. fumigatus (Grundmann & Li, 2005; Ruan et al., 2008; Yin et al., 2007) . Most of the indole prenyltransferases mentioned above show broad substrate specificity, and accept simple indole derivatives and Trp-containing cyclic dipeptides as prenylation substrates. However, none of the known indole prenyltransferases prenylate L-Tyr or a structure derived thereof (Li, 2009b; Steffan et al., 2009) .
Cloning and expression of sirD, and purification of His 6 -SirD
The coding region of sirD was amplified by PCR from mRNA of L. maculans M1, and cloned into the expression vector pQE70, resulting in the expression plasmid pAK2 (see Methods). Gene expression with pAK2 in E. coli was induced by 0.5 mM IPTG, at 37 u C for 16 h. Protein overproduction was clearly observed after induction (Fig. 2) . SirD was subsequently purified on nickel-NTA agarose to apparent homogeneity, as judged by SDS-PAGE, and a protein yield of 2 mg purified His 6 -tagged SirD per litre of culture was obtained. The observed molecular mass was 50 kDa, and this corresponded well to the calculated mass of 52 kDa for His 6 -SirD (Fig. 2) .
Enzymic activity of SirD, and identification of the enzymic product
To demonstrate the enzymic activity, SirD was incubated with L-Tyr or cyclo-L-Tyr-L-Ser, in the presence of DMAPP and 5 mM CaCl 2 . HPLC analysis of the incubation mixtures was used to monitor the formation of an enzymic product. As shown in Fig. 3 , product formation was detected in the incubation mixture of L-Tyr with DMAPP ( Fig. 3a) , but not in the incubation mixture of cyclo-L-Tyr-L-Ser with DMAPP (Fig. 3c) . The product peak, with a retention time of 6.7 min, was absent in a control assay of L-Tyr and DMAPP containing SirD that had been heat inactivated by boiling for 20 min (Fig. 3b) ; this demonstrated that the reaction depended on the presence of active enzyme. Product formation was also strictly dependent on the presence of DMAPP (data not shown). Product formation with L-Tyr showed a linear dependence on the amount of protein, up to 2 mg per 100 ml assay, and on the incubation time, up to 50 min.
For structural elucidation, incubation with a higher protein concentration (190 nM instead of 49 nM) was carried out (see Methods) in a total volume of 5 ml. A conversion rate of 39.5 % was achieved after incubation for 16 h. The enzymic product was initially isolated using HPLC with water, and methanol containing 0.5 % TFA, as solvents, and it was subjected to 1 H-NMR analysis after evaporation of the solvents. Under these HPLC conditions, the enzymic product was found to be well separated from the substrate, i.e. L-Tyr. Surprisingly, the 1 H-NMR spectrum of the isolated product in DMSO-d 6 indicated the presence of two substances. The dominant compound had data that were identical to those obtained for Tyr, and the minor compound showed signals for a dimethylallyl moiety (data not shown). HPLC analysis of the sample after NMR analysis confirmed that the dominant compound was indeed Tyr, and that the minor product had the same retention time as the enzymic product (data not shown). This observation could be interpreted to be the result of hydrolysis of the enzymic product to Tyr during or after the evaporation of the solvents of the collected fractions. These results indicated that the prenylation was very likely to have taken place at the phenolic hydroxyl group of Tyr, rather than at a carbon atom, and that the O-prenylated Tyr was hydrolysed to Tyr in the presence of TFA. To demonstrate this hypothesis, the enzymic product was isolated again using HPLC, with water, and methanol without TFA, as solvents. 1 H-NMR analysis of the isolated product clearly revealed the presence of only one compound bearing a dimethylallyl moiety, which was characterized by the signals at 5.38 (t sept, 6.8 Hz, 0.9 Hz, H-29), 4.45 (d, 6.8 Hz, H-19), 1.70 (d, 0.9 Hz, 3H-59) and 1.66 (d, 0.9 Hz, 3H-49) p.p.m. The signal of H-19 of the dimethylallyl moiety at 4.45 p.p.m. indicated that the prenyl moiety was attached to a hetero atom (Chu et al., 1993; Yin et al., 2007) , rather than a carbon atom. In the case of a C-C connection, the signal of H-19 would be found in the range of 3.4-3.8 p.p.m. (Grundmann & Li, 2005; Steffan et al., 2007; Unsöld & Li, 2005) . In the spectrum of the isolated product, the signals for the four aromatic protons as an AA9BB9 system were also observed at 7.12 and 6.81 p.p.m. This demonstrated unequivocally that the enzymic product of SirD was 4-O-dimethylallyl-L-Tyr (Fig. 3) , as expected, and this was also confirmed by detection of [M+1] + at m/z 250 in ESI-MS of the isolated compound. Fig. 2 . Analysis of overproduced and purified His 6 -SirD. The proteins were separated on a 12 % SDS-polyacrylamide gel, and stained with Coomassie brilliant blue G-250. Lanes: 1, molecular mass standard; 2, total protein before induction; 3, total protein after induction; 4, purified His 6 -SirD.
Substrate specificity of SirD
SirD accepted DMAPP, but not geranyl diphosphate, as a prenyl donor. Incubation of SirD with geranyl diphosphate did not result in formation of an enzymic product (data not shown). To test the stereoselectivity of SirD towards its aromatic substrate, it was incubated with D-Tyr instead of L-Tyr. A relative activity of 12.3 % was detected when the enzyme was incubated with D-Tyr, in comparison with the activity obtained with L-Tyr (100 %; Table 1 ). This result was comparable with those obtained for other prenyltransferases: FgaPT2 and 7-DMATS from A. fumigatus showed relative activities of 9.7 % and 11.8 %, respectively, when incubated with D-Trp, in comparison with the activities obtained with L-Trp Steffan et al., 2007) . Incubation of SirD with L-Phe, 4-hydroxybenzoic acid or p-coumaric acid, in the presence of DMAPP, did not result in the formation of an enzymic product (Table 1) . These results demonstrated the absolute importance of the hydroxyl group at position C-4 of the aromatic nucleus, and of the amino acid structure on the side chain. An additional hydroxyl group at position C-3 of the aromatic ring of Tyr, as in the case of L-3,4dihydroxyphenylalanine, resulted in a reduced, but significant, enzymic activity of 16.5 % in comparison with that obtained with L-Tyr. It was expected that the prenylation had taken place at the 4-hydroxyl group; however, the structure of the product obtained with L-3,4dihydroxyphenylalanine was not determined in this study. Neither cyclo-L-Tyr-L-Ser nor other Tyr-containing cyclic dipeptides, such as cyclo-L-Tyr-L-Pro, cyclo-l-Tyr-L-Trp or cyclo-L-Tyr-Gly, were substrates for SirD under the conditions tested in this study (Table 1) .
As mentioned above, SirD shares significant sequence similarity with 7-DMATS from A. fumigatus. Therefore, we wondered about the acceptance of L-Trp as a substrate by SirD, and L-Trp was assayed instead of L-Tyr. As shown in Fig 3(d, e ), a product peak was clearly detected in the incubation mixture with active SirD, but not in the control assay with heat-inactivated SirD. A relative activity of 8.1 % was observed for L-Trp, as compared with the activity obtained with L-Tyr (Table 1) . For structural elucidation, the enzymic product of SirD with L-Trp was isolated, and subjected to 1 H-NMR analysis. It was shown that the NMR data of the enzymic product of SirD with L-Trp corresponded very well with those obtained with 7-DMATS and L-Trp (data not shown) (Kremer et al., 2007) . This demonstrated unequivocally that SirD catalysed the C-prenylation of L-Trp, in addition to the O-prenylation of L-Tyr.
Biochemical properties and kinetic parameters of SirD
The activities of indole prenyltransferases from fungi have been shown to be independent of the presence of metal ions for their prenyl transfer reactions (Steffan et al., 2009) . Similar behaviour was observed for SirD in this study. Addition of different metal ions to the incubation mixture showed that they were not essential for the prenyltransferase activity of SirD. In the presence of the chelating agent EDTA (5 mM), a relative activity of 87.8 % was observed in comparison with the activity obtained for incubation without additives (EDTA or metal ions). A relative activity of 136.6 % of that of the incubation mixture without additives (EDTA or metal ions) was detected in the presence of 5 mM Ca 2+ .
The SirD reaction apparently followed Michaelis-Menten kinetics. The K m values were determined from Lineweaver-Burk plots, and they were found to be 0.13 mM for L-Tyr, and 0.17 mM for DMAPP. The maximum reaction velocity was 0.58 mmol min 21 mg 21 , which corresponded to a turnover of 1.0 s 21 . The K m value for L-Trp was 0.23 mM, which was slightly higher than that for L-Tyr. The maximum reaction velocity for L-Trp was 0.035 mmol s 21 mg 21 , which corresponded to a turnover of 0.06 s 21 ; this was only 6 % of the turnover obtained with L-Tyr. This demonstrates that L-Tyr, rather than L-Trp, is the physiological substrate of SirD.
DISCUSSION
In this study, we cloned and overexpressed sirD from the biosynthetic gene cluster of sirodesmin PL in a heterologous host, and demonstrated its function by biochemical characterization. SirD was shown unequivocally to catalyse the prenylation of L-Tyr, and therefore it very probably represents the first pathway-specific enzyme in the biosynthesis of sirodesmin PL (Fig. 1) . The enzymic product of SirD, i.e. 4-O-dimethylallyl-L-Tyr, then undergoes condensation with L-Ser in a reaction catalysed by the non-ribosomal peptide synthase SirP (Fig. 1) . However, it cannot be excluded that L-Tyr is first transferred to SirP, and the enzyme-bound form of L-Tyr is then prenylated. It is also possible that the enzyme-bound linear dipeptide L-Tyr-L-Ser is the true substrate of SirD. Cyclo-L-Tyr-L-Ser was not accepted by SirD as an aromatic substrate; this is in contrast to the results obtained by the feeding experiment with 14 C-labelled cyclo-L-Tyr-L-Ser in P. lingam (Ferezou et al., 1980) . In that experiment, cyclo-L-Tyr-L-Ser showed good incorporation into the sirodesmin PL molecule. The reason for these confusing results is unknown, and may be explained by the presence of additional prenyltransferases in the fungus that accept cyclo-L-Tyr-L-Ser as a prenylation substrate.
The enzymic product of L-Tyr was identified unequivocally as 4-O-dimethylallyl-L-Tyr by 1 H-NMR analysis. This result demonstrated that SirD catalyses the formation of an O-C bond between Tyr and the prenyl donor DMAPP. This clearly differs from the activities of known indole prenyltransferases from Aspergillus and Neosartorya; those enzymes catalyse the formation of C-C or N-C bonds between DMAPP and the indole moieties of diverse substances (Ding et al., 2008; Grundmann et al., 2008; Grundmann & Li, 2005; Kremer et al., 2007; Unsöld & Li, 2005 , 2006 Yin et al., 2007) . Interestingly, SirD shares a sequence similarity of 34 % with 7-DMATS from A. fumigatus (Kremer et al., 2007) . This is somewhat higher than the similarity of 7-DMATS with the known indole prenyltransferases (Steffan et al., 2009) . 7-DMATS accepts L-Trp, but not L-Tyr, as a prenylation substrate (Kremer et al., 2007) ; in contrast, SirD prenylated both L-Tyr and L-Trp. The enzymic product of SirD with L-Trp was shown to be 7-dimethylallyltryptophan, which is identical to the enzymic product of 7-DMATS. This could explain the high sequence similarity of the two proteins. The results also Table 1 . Relative activity of prenyltransferase SirD towards different aromatic substances Assays contained 2 mM aromatic substrate, 1 mM DMAPP, 5 mM CaCl 2 and 48 nM purified SirD, in a total volume of 100 ml, and they were incubated at 37 u C for 30 min. A conversion rate of 22.3 % was observed for L-Tyr, and this was defined as 100 % relative activity. The data are mean values of two independent assays.
Substrate
Relative activity (%) demonstrate the higher substrate flexibility of SirD in comparison with 7-DMATS. Comparison of the structure of SirD with those of known indole prenyltransferases, especially with that of 7-DMATS, would help to understand this substrate flexibility. Unfortunately, only the structure of the 4-dimethylallyltryptophan synthase FgaPT2 has been resolved (Metzger et al., 2009) . Therefore, at the moment, it is not possible to get more information about the substrate-binding site of SirD. It is expected that the mechanism of the SirD reaction is similar to those of known prenyltransferases, i.e. the formation of a dimethylallyl cation, which attacks an electron-rich carbon atom or a hetero atom (Haagen et al., 2007; Kuzuyama et al., 2005; Metzger et al., 2009) . Like known indole prenyltransferases (Steffan et al., 2009 ), SirD does not contain the motif (N/D)DXXD in its sequence, and the reaction catalysed by SirD is independent of the presence of metal ions. Therefore, it is likely that metal ions, such as Mg 2+ , are not involved in the dimethylallyl cation formation; this is in contrast to membrane-bound prenyltransferases (Ohara et al., 2009) . It is expected that basic amino acids, such as Lys and Arg, are involved in the binding of the PPi moiety of DMAPP, and are responsible for the formation of the cation, as has been demonstrated for known indole prenyltransferases (Metzger et al., 2009; Stec et al., 2008) . Residues corresponding to those in known prenyltranferases were found in the sequence of SirD, e.g. residues K209, K284, R126 and R282.
Taking the product obtained with L-Trp into consideration, SirD catalysed both O-C and C-C bond formation; this has also been observed for other prenyltransferases. For example, some prenyltransferases, e.g. NphB and Fnq26a from the Gram-positive bacteria Streptomyces spp., have been reported to catalyse both C-and Oprenylation of various phenolic substances (Haagen et al., 2007; Kumano et al., 2008) . A similar phenomenon has also been observed for indole prenyltransferases: FtmPT1 from A. fumigatus catalyses the C-prenylation of cyclic dipeptides at position 2, and the N-prenylation of Trp at position 1, of indole moieties (Li, 2009a) . CdpNPT and AnaPT also catalyse both C-and N-prenylation . The ability of prenyltransferases to catalyse Cprenylation is of special importance, as it can be used in the production of prenylated derivatives (Li, 2009a; Macone et al., 2009) .
Considering the sequence similarity of SirD with known indole prenyltransferases from fungi, and their shared biochemical properties, e.g. their independence of the prenyltransferase reaction of metal ions (Li, 2009b; Steffan et al., 2009) , SirD probably shares a common ancestor with indole prenyltransferases. This is clear from inspection of the phylogenetic tree of the known indole prenyltransferases and SirD (Fig. 4 ). Fig. 4 shows clearly that SirD is phylogenetically well integrated within the known prenyltransferases, and that 7-DMATS has a closer relationship to SirD than to other indole prenyltransferases. Therefore, SirD and 7-DMATS could represent a subclass of prenyltransferases, and SirD could be a transient enzyme in the evolution of the prenyltransferases. Fig. 4 . Phylogenetic relationship of known prenyltransferases from fungi. CLUSTALW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html) was used for alignment of amino acid sequences, and mean distance BLOSUM62 was selected for tree calculation. FgaPT2 (accession no. AAX08549), FgaPT1 (XP_756136), FtmPT1 (AAX56314), FtmPT2 (EU622826), 7-DMATS (ABS89001) and CdpNPT (ABR14712) are from A. fumigatus; AnaPT (EAW16181) is from Neosartorya fischeri; SirD (AAS92554) is from L. maculans; TdiB (ABU51603) is from Aspergillus nidulans; DMATS-Cs (AAZ29613.1) is from IasaF13; DMATS-Cp (Q6X2E0) is from Claviceps purpurea; and MaPT (EU4200091) is from Malbranchea aurantiaca.
